Induction of cell survival is often initiated at the cell surface and is triggered by a wide range of receptor-ligand interactions (1) (2) (3) (4) (5) . One of the most frequent cell survival pathways involves activation of Akt, a serine/threonine kinase that is critical in regulating apoptosis and oncogenesis. Hyperactivation of Akt is a common tumorigenic event in many types of cancers, including breast cancer (1, 4, 5) . Akt interferes with programmed cell death by phosphorylating and thereby inactivating a number of proteins involved in apoptosis. Phosphatidylinositol 3-kinase (PI3K), a lipid kinase and upstream effector of Akt, is implicated in numerous cellular functions, including survival (6), growth and proliferation (7) , and differentiation (8) . Upon growth factor stimulation, PI3K generates 3Ј-phosphorylated phosphoinositides, such as phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P 3 ) 2 and phosphatidylinositol 3,4-bisphosphate at the plasma membrane (PM) (4, 9 -12) . PI(3,4,5)P 3 (and possibly phosphatidylinositol 3,4-bisphosphate) mediates membrane localization of Akt by binding to the pleckstrin homology domain (PHD) (1, 4, 13) . The PHD is formed by two antiparallel ␤ sheets, a C-terminal amphipathic helix, and three variable loops (Fig. 1 ). These structural elements are recognized as global features for PHDs in hundreds of proteins in mammals and bacteria (14 -16) . Interaction between the PHD of Akt and PI(3,4,5)P 3 is considered a hallmark in the activation pathway and is required to initiate a cascade of events, including phosphorylation and downstream activation of effector proteins. The PM-anchored Akt becomes fully activated upon phosphorylation of residue Thr-308 in the kinase domain and Ser-473 in the hydrophobic motif through PDK1 (phosphoinositide-dependent kinase 1) and mTORC2 (mammalian target of rapamycin complex 2), respectively (12) . It is believed that PI(3,4,5)P 3 binding to a conserved basic patch on the PHD induces a conformational change, allowing for phosphorylation of residues Thr-308 and Ser-473. In addition to PI(3,4,5)P 3 , it has been recently shown that Akt translocation to the PM and subsequent activation are also modulated by phosphatidylser-ine (PS) (17) . PS interacts with specific residues in the PHD and regulatory domain of Akt, promoting binding of Akt to PI(3,4,5)P 3 (17) . The synergy between PS and PI(3,4,5)P 3 is thought to induce Akt interdomain conformational changes required for phosphorylation of Thr-308 and Ser-473 (17) . Mutagenesis studies have also revealed that disruption of Akt-PS interaction impairs Akt signaling and increases susceptibility to cell death, suggesting that PS is critical for Akt activation and cell survival, particularly in conditions with limited PI(3,4,5)P 3 availability (17) . Taken together, these studies suggest that a synergy between membrane lipids is perhaps needed for Akt localization and activation.
The three members of the Akt family, Akt1, Akt2, and Akt3, are closely related and highly conserved. However, functional isoform-specific differences concerning proliferation, apoptosis, and migration in human cancer cells have been identified (18 -21) . A role for Akt1 (which will be referred to as Akt throughout this work) in breast cancer cells has been proposed (3, 22) . It has been found that epidermal growth factor (EGF)-induced membrane translocation and activation of Akt is modulated by calmodulin (CaM) (3, 22) , a ubiquitous calciumbinding protein expressed in all eukaryotic cells (23) (24) (25) (26) (27) (28) . Perturbation of this targeting mechanism by CaM antagonists inhibited Akt-CaM translocation to the membrane and led to apoptotic cell death in tumorigenic mammary carcinoma cells (3) . These studies are consistent with the findings that CaM is overexpressed in breast tumors and breast cancer cell lines (29, 30) . Biochemical and mutagenesis studies have shown that AktCaM interaction is calcium-dependent and is mediated by the PHD (31) . Based on biochemical assays, it was suggested that the CaM-binding region of Akt is located within the first 42 residues of the PHD (31) . Interestingly, the three-dimensional structure of Akt(PHD) shows that these residues form a threestranded ␤-sheet (Fig. 1) . The requirement of the ␤-sheet region for CaM binding is unprecedented because CaM-binding regions often adopt helical structures (27, 32) . Furthermore, this region is known to be important for PI(3,4,5)P 3 and PS binding (17, 33, 34) . The interplay between the roles of CaM, PI(3,4,5)P 3 , and PS in membrane translocation and activation of Akt is not clear. To understand these mechanisms, it is essential to characterize at the molecular level how CaM interacts with the PHD of Akt and whether this interaction synergizes with Akt binding to membrane lipids. Identification of the structural elements required for membrane translocation of Akt is critical for elucidation of the precise molecular mechanism of activation. Here, we employed NMR, biophysical, and biochemical methods to characterize how Akt(PHD) binds to CaM. We show that CaM binds to Akt(PHD) with a dissociation constant (K d ) of 100 nM and a 1:1 stoichiometry. We also show that both of the N-and C-terminal lobes of CaM are critical for Akt(PHD) binding. The CaM-binding interface in Akt(PHD) was mapped to two loops adjacent to the PI(3,4,5)P 3 binding site, which represents a novel CaM-binding motif. Elucidation of the mechanism by which Akt interacts with CaM will help in the understanding of the activation mechanism, which may provide insights for new potential targets to control the pathophysiological processes of cell survival.
Experimental Procedures
Sample Preparation-A plasmid encoding full-length (amino acids 1-148) CaM was a generous gift from Dr. Madeline Shea (University of Iowa). Expression and purification of the CaM protein were conducted as described (35) . CaM samples were stored in a buffer containing 50 mM HEPES or Tris at pH 7.0, 150 mM NaCl, and 5 mM CaCl 2 . CaM-N (residues 1-80) and CaM-C (residues 76 -148) proteins were expressed and purified as described (36) . CaM-N protein concentrations were measured using a bicinchoninic acid assay (BCA; Thermo Scientific). A plasmid encoding full-length Mus musculus (mouse) Akt (amino acids 1-541) was a kind gift from Dr. Yabing Chen (University of Alabama at Birmingham). M. musculus Akt protein sequence is 98% identical to that of human Akt1 (SwissProt code P31749). The PHD of Akt encoding for amino acids 1-113 was inserted into pET28 vector, which was fused to a His 6 SUMO tag gene on the 5Ј-end, at its XhoI and BamHI sites. The His 6 -SUMO-Akt(PHD) protein was overexpressed in Escherichia coli BL21 (DE3) codon plus RIL cells. Cells were grown at 37°C until A 600 was ϳ0.6, induced with 0.3 mM isopropyl ␤-D-1-thigoalactopyranoside, and grown at 16°C for 16 h. To make uniformly 15 N-and 15 N-, 13 C-labeled Akt(PHD) samples, cells were grown in 4L LB medium at 37°C until A 600 was ϳ0.6. Cells were then spun down, washed with 1ϫ M9 salt, and transferred into 1 liter of M9 minimal medium containing 15 NH 4 Cl and 13 C-glucose as the sole sources to produce 15 Nand 13 C-labeled proteins, respectively. Cells were then induced with 0.3 mM isopropyl ␤-D-1-thigoalactopyranoside, grown at 16°C for ϳ16 h, spun down, and stored overnight at Ϫ80°C. The next day, the cell pellet was resuspended in 100 ml of lysis/ binding buffer containing 50 mM phosphate (pH 8.0), 500 mM NaCl, 10 mM imidazole, and 5 mM 2-mercaptoethanol. Cells were sonicated, and cell lysate was spun down at 17,000 rpm for 30 min. The protein-containing supernatant was purified on nickel affinity resin. The Akt(PHD) protein was eluted with a buffer containing 50 mM phosphate (pH 8.0), 500 mM NaCl, 300 mM imidazole, and 5 mM 2-mercaptoethanol. The fractions were then pooled and dialyzed in a buffer containing 25 mM Tris (pH 8.0) and 300 mM NaCl. The His 6 -SUMO tag was cleaved via SUMO protease and purified via nickel affinity and gel filtration methods. The Akt(PHD) protein was stored in 50 mM Tris (pH 7.0), 150 mM NaCl, 2 mM tris(2-carboxyethyl) phosphine hydrochloride or 50 mM phosphate (pH 6.5), 300 mM NaCl, 50 mM glutamate, 50 mM arginine, and 2 mM tris(2-carboxyethyl)phosphine hydrochloride.
Gel Filtration Assay-The mobilities of Akt(PHD), CaM, and the Akt(PHD)-CaM complex were analyzed by a gel filtration assay. Briefly, 0.5 ml of ϳ100 M sample solutions of Akt(PHD), CaM, and the Akt(PHD)-CaM (1.5:1) complex were loaded onto a HiLoad Superdex 75 (10/300) column (GE Healthcare) in a buffer containing 50 mM Tris (pH 7.0), 150 mM NaCl, and 5 mM CaCl 2 . Protein fractions were analyzed by SDS-PAGE and stained by Coomassie Brilliant Blue. The approximate molecular weights of the loaded proteins were determined by low molecular weight calibration kits (GE Healthcare).
Isothermal Titration Calorimetry (ITC)-Thermodynamic parameters of CaM binding to Akt(PHD) were determined using an Auto-iTC 200 microcalorimeter (Malvern Instruments). ITC experiments were performed on protein samples in 50 mM HEPES (pH 7.0), 50, 150, or 500 mM NaCl, and 5 mM CaCl 2 . CaM at 250 M was titrated into the cell sample containing 28 M Akt(PHD). Heat of reaction was measured at 20°C for 19 injections. Heat of dilution was measured by titrating CaM into buffer. Data analysis was performed using the Microcal Origin package (version 8.1). Baseline corrections were performed by subtracting heat of dilution from the raw CaMAkt(PHD) titration data. Binding curves were analyzed, and dissociation constants (K d ) were determined by nonlinear least square fitting of the baseline-corrected data. The formula used to fit the data as one binding site is as follows,
where ⌬Q(i) is the heat released at the ith injection, Q(i) is the total heat content of the solution, dV i is injection volume, and V o is the total volume.
Analytical Ultracentrifugation-Sedimentation velocity measurements were collected on a Beckman XL-I Optima system equipped with a 4-hole An-60-rotor (Beckman Coulter). CaM and Akt(PHD)-CaM complex were in a buffer containing 50 mM Tris (pH 7.0), 150 mM NaCl, and 5 mM CaCl 2 , whereas the Akt(PHD) sample was in a buffer containing 50 mM phosphate (pH 6.5), 400 mM NaCl, 50 mM glutamate, and 50 mM arginine. Akt(PHD), CaM, and Akt(PHD)-CaM complex were at 20, 60, and 20 M, respectively. To ensure sample homogeneity, the Akt(PHD)-CaM complex was run through the gel filtration column. Rotor speed was set at 40,000 rpm, and scans were acquired at 280 nm and 20°C. Partial specific volumes (v) and molar extinction coefficients were calculated by using the program SENDTERP, and buffer densities were measured pycnometrically. Sedimentation velocity data were analyzed using SEDFIT (37) (38) (39) (40) .
NMR Spectroscopy-NMR data were collected on Bruker Avance II and III (700 and 850 MHz 1 H) spectrometers equipped with cryogenic triple-resonance probes, processed with NMRPIPE (41), and analyzed with NMRVIEW (42) or CCPN Analysis (43) . Proton, carbon, and nitrogen NMR chemical shifts for CaM are reported elsewhere (44, 45) . The backbone resonances of Akt(PHD) in the free state were assigned using standard triple resonance data (HNCA, HNCO, HNCOCA) and 15 N-edited heteronuclear single quantum coherence (HSQC)-NOESY data collected at 20 or 30°C on 200 M samples in a buffer containing 50 mM phosphate (pH 6.5), 400 mM NaCl, 50 mM glutamate, 50 mM arginine, and 2 mM tris(2-carboxyethyl)phosphine hydrochloride. The backbone resonances of Akt(PHD) when bound to CaM were assigned using HNCA and 
where ⌬␦ HN is the chemical shift change between complex and free protein, L 0 is the total concentration of lipid, and P 0 is the total concentration of protein.
Results
PHDs are found in numerous membrane-associated proteins, and one of their most recognized functions is to mediate protein-phospholipid interactions (14, 46) . Previous studies have shown that the PHDs of Akt and other proteins containing analogous PHD have a propensity to self-associate and form aggregates in solution at protein concentrations required for structural studies (34, (47) (48) (49) . Although the oligomerization properties of Akt(PHD) have not been studied in detail, an NMR study revealed that the PHD of dynamin is present in a monomer-dimer equilibrium with a K d of ϳ1 mM (49) . To minimize protein self-association and facilitate structural studies, the PHD of Akt2 has been solved by NMR methods only in the presence of inositol 1,4,5-trisphosphate, the polar head of phosphatidylinositol 4,5-bisphosphate (34) . NMR data for structural determination were collected at high salt concentration (ϳ300 mM) and relatively low temperature (13°C). In another study, the structure of the PHD of human Akt1 in complex with inositol 1,3,4,5-tetrakisphosphate was solved by x-ray crystallography (33) . In other cases, mutations have been introduced in the Characterization of Calmodulin-Akt Interactions NOVEMBER 6, 2015 • VOLUME 290 • NUMBER 45
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PHD to reduce protein self-association (47, 50) . Altogether, it is recognized that the PHD of Akt is amenable to self-association, a process that can be minimized but not fully eliminated at certain experimental conditions. Given those technical difficulties, we have expressed the PHD of Akt as a fusion protein with a SUMO tag attached to the N terminus. After SUMO cleavage, the Akt(PHD) protein was kept at concentrations of ϳ50 M at 4°C. Because the oligomerization process is minimal at low protein concentration, all experiments described here were conducted with Akt(PHD) concentrations at 20 -200 M.
Mobility Characteristics of the Akt(PHD)-CaM Complex-To determine how CaM interacts with Akt(PHD) and to characterize the mobility and size of the complex, we first assessed the solution properties of Akt(PHD), CaM, and Akt(PHD)-CaM complex by a gel filtration mobility assay. Proteins were run on a size exclusion column (Superdex 75 GL) under the same buffer conditions at ϳ100 M. As shown in Fig. 2A , the elution volumes of Akt(PHD) and CaM were 14.3 and 11.3 ml, respectively. The Akt(PHD)-CaM complex was prepared with a 1.5:1 stoichiometry and yielded two peaks, the first at 10.9 ml and another at 14.3 ml, indicating excess Akt(PHD). Fractions of the complex were analyzed via SDS-PAGE. As shown in Fig. 2B , two bands representing Akt(PHD) and CaM with equal intensity were observed, suggesting formation of a 1:1 Akt(PHD)-CaM Complex. A gel filtration mobility assay with known protein standards revealed that the molecular mass of free Akt(PHD) migrates as a ϳ13-kDa species, consistent with a monomeric form (Fig. 2C) . As we and others have shown previously, the migration behavior of CaM (smaller than expected elution volume) is attributed to its elongated dumbbell shape (44, 51) . Based on this mobility assay, the approximate molecular mass of the CaM-Akt(PHD) is ϳ33 kDa, consistent with a 1:1 complex. Taken together, our gel filtration data establish a direct interaction between Akt(PHD) and CaM with a 1:1 stoichiometry. No differences in the mobility characteristics of the complex have been observed upon variation of the stoichiometry of proteins, excluding the formation of higher order ternary complexes.
Sedimentation Studies of Akt(PHD)-CaM Interactions-We next employed analytical ultracentrifugation to examine the oligomerization properties of Akt(PHD) and its complex with CaM. We performed sedimentation velocity experiments on samples for Akt(PHD), CaM, and Akt(PHD)-CaM complex at 20, 60, and 20 M, respectively. To ensure sample homogeneity, the Akt(PHD)-CaM complex was prepared by mixing equimolar amounts of CaM and Akt(PHD) and then run onto a gel filtration column. The fraction of the complex was used for the sedimentation velocity experiment. As shown in Fig. 3 , sedimentation velocity profiles of all samples exhibit a single sedimentation boundary distribution. Analysis of the data using SEDFIT provided peaks at 1.3 and 1.9 S for Akt(PHD) and CaM, respectively. Molecular mass distribution analysis gave 13 and 17 kDa for Akt(PHD) and CaM, respectively, consistent with monomeric species. Based on this result, it is conceivable that the self-association of the Akt(PHD) protein at low concentration (20 M) is minimal or absent. The sedimentation coefficient for Akt(PHD)-CaM complex is observed at 3 S, consistent with a homogenous complex. In agreement with the gel filtra- . The separation of the free energy of binding into entropic and enthalpic components reveals the nature of the forces that drive the binding reaction. Although it is recognized that the most frequent mechanism of CaM binding to target proteins involves the hydrophobic patches on the N-and C-terminal lobes (27) , electrostatic interactions are also implicated in the stabilization of CaM-protein complexes, since CaM-binding motifs are often basic (52, 53) . The ITC experiments can provide information on the importance and relative contribution of the hydrophobic versus electrostatic interactions in the Akt(PHD)-CaM interactions. We have obtained ITC data upon titration of CaM into Akt(PHD) under the same buffer conditions. As shown in Fig. 4 , binding of CaM to Akt-(PHD) is exothermic, as indicated by the sign of the heat of enthalpy. The binding data were fit into a one-site binding mode and yielded the following thermodynamic parameters: K d ϭ 100 nM, n ϭ 0.90 Ϯ 0.02, ⌬H 0 ϭ Ϫ3.87 kcal/mol, and ⌬S 0 ϭ 19.3 calories/mol/degrees. Although the exothermic nature of the ITC thermogram suggests that electrostatic interactions contribute to the formation of the Akt(PHD)-CaM complex, the interaction also appears to be stabilized by favorable hydrophobic interactions, as indicated by the entropy factor (T⌬S). To assess the importance of electrostatic interactions in stabilizing the Akt(PHD)-CaM complex, we obtained ITC data at variable salt concentrations (Fig. 4) . As indicated by the K d values, the binding affinity is reduced by 30-fold upon increasing the salt concentration from 50 to 500 mM ( Table 1 ), indicating that ionic interactions contribute to the stabilization of the CaMAkt(PHD) complex. Collectively, our ITC data show that CaM binds to Akt(PHD) in a 1:1 model and that ionic and hydrophobic interactions contribute to the formation of the CaM-Akt-(PHD) complex.
Characterization of the Interaction Interface of CaM-Akt-(PHD)
Complex by NMR Spectroscopy-The proton, carbon, and nitrogen resonances of Akt(PHD) were assigned using standard triple resonance methods (see "Experimental Procedures"). Approximately 90% of the signals of Akt(PHD) were assigned; signal broadening precluded assignment of the remaining ϳ10% signals. To gain insights into the molecular elements of the CaM-Akt(PHD) interaction, we have utilized NMR resonance perturbations as detected in 1 H-15 N HSQC spectra. These experiments often allow for identification of residues involved in the interaction interface and/or accompanying conformational changes and provide an effective method for examining the folding of the protein. Because of the propensity of Akt(PHD) to self-associate, which often complicates the NMR studies, we conducted the two-dimensional HSQC NMR experiments at low protein concentration (60 M). We first titrated CaM into a 15 N-labeled Akt(PHD) and monitored chemical shift changes by two-dimensional HSQC experiments. The addition of a substoichiometric amount of CaM (0.5:1 CaM/PHD) led to a decrease in intensity for numerous 1 Aromatic residues, such as tryptophan, often have a high propensity to anchor to the hydrophobic patches of CaM (54, 55) . To identify the interaction interface of Akt(PHD), the chemical shift perturbations were mapped on the structure of Akt(PHD) bound to inositol 1,3,4,5-tetrakisphosphate (33) . As shown in Fig. 6B , the significantly perturbed residues are localized in relatively distant regions, but their presence on the same side of the molecule suggests a well defined interaction interface. The interaction interface involves the loops connecting strands ␤1/␤2 (residues 13-23; red) and ␤6/␤7 (residues 76 -88; NOVEMBER 6, 2015 • VOLUME 290 • NUMBER 45
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orange), and strand ␤3 (residues 40 -45; yellow). Modest chemical shift changes are also observed for residues in the distant C-terminal helix (cyan). Interestingly, the binding interface is adjacent to the PI(3,4,5)P 3 binding pocket and lacks any helical character, indicating that the binding region represents a rare CaM-binding motif.
To identify the interaction interface on the CaM protein, we have collected the reciprocal HSQC experiment with 15 N-labeled CaM as titrated with unlabeled Akt(PHD). The addition of substoichiometric amounts of Akt(PHD) led to a decrease in intensity for numerous 1 H-15 N resonances accompanied by appearance of several new signals, consistent with a slow exchange on the NMR scale between the free and bound forms of CaM. Saturation was also achieved at 1:1 CaM/Akt(PHD). As shown in Fig. 7 , the vast majority of The N-and C-terminal Domains of CaM Are Required for Binding to the PHD of Akt-The chemical shift perturbation data shown above suggest that both of the N-and C-terminal lobes of CaM are probably involved in Akt(PHD) binding. One possible model to explain those findings is that Akt(PHD) anchors simultaneously to the N-and C-terminal lobes of CaM. Another scenario is that Akt(PHD) binds only to one lobe of CaM and induces a conformational change in the protein. We have devised two approaches to discern these two models and to identify the molecular elements of binding. In the first approach, we titrated isolated CaM-N and CaM-C domains into 15 N-labeled samples of Akt(PHD), followed by acquisition of two-dimensional HSQC NMR data. As shown in Fig. 8 changes upon titration of CaM-N into Akt(PHD). These include residues Arg-16, Ile-19, Thr-21, Val-45, Asn-53, Thr-82, Ile-103, Thr-105, Val-106, Asp-108, and Lys-111. Because many signals corresponding to residues in the 76 -87 region were too broad to assign, it was not possible to conclusively determine the extent of chemical shift perturbation. However, in addition to Thr-82, the 1 H-15 N signal corresponding to Trp-80 ⑀1 also exhibited a significant chemical shift change (Fig. 8A, inset) , similar to that observed upon titration of Akt-(PHD) with full-length CaM (Fig. 5) . As opposed to what was observed with the full-length CaM, the chemical shift changes in the HSQC spectra indicate fast exchange on the NMR scale between free and bound forms. Titration data were fit by a one-site binding model with K d of ϳ112 Ϯ 19 M (Fig. 8) , a value that is ϳ10 3 -fold weaker than that obtained for fulllength CaM. This result demonstrates that CaM-N alone is not sufficient for binding of Akt(PHD).
The two-dimensional HSQC titration data obtained upon titration of CaM-C into Akt(PHD) also revealed a weaker binding than that of the intact CaM protein, as indicated by the chemical shift changes. The interaction between Akt(PHD) and CaM-C was undergoing fast exchange on the NMR scale, which allowed for calculation of the K d value (34 Ϯ 8 M; Fig. 8 ).
Binding of CaM-C to Akt(PHD) led to pronounced chemical shift changes for residues Lys-14, Arg-15, Gly-16, Ile-19, Thr-21, Trp-22, Arg-23, Val-45, Glu-49, and Asn-53 (Fig. 8) . The 1 H- 15 N signal corresponding to Trp-22 side chain (⑀1) also exhibited a significant chemical shift change (Fig. 8A, inset) , similar to that observed when Akt(PHD) is titrated with fulllength CaM (Fig. 5) . When comparing NMR data for CaM-N and CaM-C titration to Akt(PHD), distinct differences are observed. For example, the 1 H-15 N resonances for residues 14 -23 (loop connecting ␤1/2) were more substantially perturbed upon binding of CaM-C, a result that is very similar to that observed for full-length CaM. The side chain 1 H-15 N signals for residues Trp-22 and Trp-80 are perturbed by CaM-C and CaM-N, respectively. Moreover, the C-terminal helix of Akt(PHD) appears to be perturbed only when CaM-N is bound. Altogether, these results indicate that the PHD of Akt simultaneously engages both lobes of CaM and that CaM-N appears to recognize the loop connecting ␤6 and ␤7, whereas CaM-C appears to bind to the loop connecting ␤1 and ␤2.
In the second approach, we assessed whether the hydrophobic patches on the N-and C-terminal lobes of CaM contribute to Akt(PHD) binding. These hydrophobic surfaces are widely implicated in the unique binding mode of CaM to target proteins (28) The methyl groups of Met residues are useful "NMR reporters" and often used to probe for target binding (35, 44, 56 -58) . Met residues 36, 51, 71, 72, and 76 are located in the N-terminal lobe, and residues 109, 124, 144, and 145 are located within the hydrophobic patch in the C-terminal lobe. Binding of target proteins or ligands to CaM often leads to substantial chemical shift changes in the 1 H- 13 C methyl signals (35, 44, 56 -58) . To assess how the N-and C-terminal hydrophobic surfaces contribute to Akt(PHD) binding, we collected twodimensional 1 H-13 C HMQC data on a uniformly 13 
Discussion
Activation of Akt is critical in regulating apoptosis and oncogenesis and is a common tumorigenic event in many types of cancers, including breast cancer (1, 4, 5) . The structural features of the PHD are shared by hundreds of analogs in mammals and bacteria (14 -16) . It is established that recruitment of Akt to the PM for activation is mediated by specific interactions between the PHD and PI(3,4,5)P 3 ), a minor lipid localized on the inner leaflet of the PM (1, 4, 13) . Additionally, it was shown that Akt translocation to the PM and subsequent activation are modulated by PS (17) . PS is thought to play a synergistic effect by enhancing binding of PI(3,4,5)P 3 to the PHD. It is now proposed that Akt activation in breast cancer cells is also modulated by CaM through interaction with the PHD (3, 22) . Perturbation of this mechanism inhibited Akt-CaM translocation to the membrane and led to apoptotic cell death in tumorigenic mammary carcinoma cells (3) . Here, we show that CaM binds tightly to Akt(PHD). The interaction between CaM and Akt(PHD) is enthalpically driven and dependent on salt concentration, suggesting that electro- static interactions contribute into the formation of the complex. By using NMR chemical shift perturbation data, we mapped the CaM binding interface in Akt(PHD) to two loops adjacent to the PI(3,4,5)P 3 binding site. We also showed that Akt(PHD) binding to the isolated N-and C-terminal lobes of CaM is 10 3 -fold weaker than full-length CaM, suggesting that Akt(PHD) engages both domains simultaneously. Altogether, our findings provide the first mechanistic evidence for the mode of CaM binding to Akt(PHD).
Guided by genetic analysis and protein co-precipitation, it was previously suggested that the CaM-binding region of Akt is located within the first 42 residues (31). This region forms a three-stranded ␤-sheet (Fig. 1) . The involvement of a ␤-sheet in CaM binding is, however, unprecedented because CaM-binding fragments often adopt helical structures (27, 32) . The CaMbinding regions of target proteins are typically short (15-20 residues), hydrophobic-basic in nature, and have the propensity to form an ␣-helix (25, 32) . Our NMR data, however, are not in agreement with the previous studies and strongly suggest that the CaM interaction interface on Akt(PHD) involves two loops connecting ␤ strands 1 and 2 (residues 14 -23), and ␤ strands 6 and 7 (residues 80 -84) (Figs. 5 and 9 ). Interestingly, this binding mode is similar to that observed when CaM binds to the PHD of a homologous protein from the Tec kinase family called interleukin-2-inducible tyrosine kinase (Itk) (47) . The Tec family of tyrosine kinases is critical for the development and activation of immune cells (47, 59 -61) . NMR chemical shift perturbation data revealed that the Itk PHD interacts with CaM via the ␤3/␤4 and ␤5/␤6 loops (47). In both cases, Itk and Akt, the mode of binding of the PHD to CaM is rare. Sequence analysis of PHDs using a prediction algorithm based on known CaM-binding proteins (62) revealed that about half of the analyzed 236 PHDs were potential CaM-binding candidates (47) . The ability for several PHDs to bind CaM was validated experimentally using co-precipitation assays (47) . Our results along with the recent findings on CaM-Itk(PHD) complex suggest that the PHDs represent a novel class of CaM-binding proteins.
The finding that EGF-induced membrane translocation and activation of Akt is modulated by CaM indicates a regulatory role of this protein in the membrane localization of Akt by binding directly to the PHD (3, 22) . The confocal microscopy data show that stimulation of breast cancer cells with EGF caused translocation of both CaM and Akt to the PM, demonstrating that CaM and Akt localize on the same membrane compartment (3) . Treatment of cells with a CaM antagonist blocked the translocation of both Akt and CaM to the PM (3). These results suggest that CaM is able to bind to the PHD of Akt without interfering with PI(3,4,5)P 3 binding. It is likely that CaM plays a synergistic role in Akt activation by enhancing binding to PI(3,4,5)P 3 -enriched membranes. Indeed, this proposed role of CaM is in agreement with the recent findings on the role of CaM in Itk activation (47) . It was shown that CaM enhances PI(3,4,5)P 3 binding to the PHD of Itk and vice versa. Based on these findings, we propose that CaM binding to the Akt(PHD) loops connecting ␤1/␤2 and ␤6/␤7 strands possibly induces a conformational change that positively affects 
